Vertically aligned ZnO nanorods were fabricated on Al 2 O 3 ͑001͒ substrates with various GaN interlayers by a catalyst-free metal-organic chemical vapor deposition. We observed that the shape and quality of ZnO nanorods grown on the GaN interlayers were considerably sensitive to the surface roughness of the interlayers. We also investigated orientation-dependent residual strain in the ZnO nanorods grown on Al 2 O 3 substrates using polarized x-ray absorption fine structure ͑XAFS͒ measurements at Zn K edge. The XAFS revealed that the residual strain relaxation of Zn-O pairs in ab plane played a key role in the ZnO nanorod growth. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2215631͔ ZnO nanorod arrays have attracted considerable attention for their practical applications to nanometer-scale electronics and photonics as well as fundamental academic research. [1] [2] [3] [4] [5] Since Park and Yi demonstrated potential applications of the ZnO nanorods for ultraviolet light emitting diodes, 6 the heterostructures of ZnO nanorods/GaN were intensively studied.
Vertically aligned ZnO nanorods were fabricated on Al 2 O 3 ͑001͒ substrates with various GaN interlayers by a catalyst-free metal-organic chemical vapor deposition. We observed that the shape and quality of ZnO nanorods grown on the GaN interlayers were considerably sensitive to the surface roughness of the interlayers. We also investigated orientation-dependent residual strain in the ZnO nanorods grown on Al 2 O 3 substrates using polarized x-ray absorption fine structure ͑XAFS͒ measurements at Zn K edge. The XAFS revealed that the residual strain relaxation of Zn-O pairs in ab plane played a key role in the ZnO nanorod growth. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2215631͔ ZnO nanorod arrays have attracted considerable attention for their practical applications to nanometer-scale electronics and photonics as well as fundamental academic research. [1] [2] [3] [4] [5] Since Park and Yi demonstrated potential applications of the ZnO nanorods for ultraviolet light emitting diodes, 6 the heterostructures of ZnO nanorods/GaN were intensively studied. [7] [8] [9] [10] Previous studies have reported that the crystallinity and alignment of the ZnO nanorods grown on Al 2 O 3 substrates were enhanced by using GaN interlayers. This can be understood in terms of strain relaxation by the GaN interlayers. It is well known that the growth and crystal quality of a film are affected by the lattice constants, surface roughness, and crystal quality of substrates. However, there was no report of the surface roughness contribution of substrates to the ZnO nanorod growth. In this letter, we demonstrate the influence of the surface roughness on the ZnO nanorod growth.
There were many attempts to understand the growth mechanism of ZnO nanorods. 7, [11] [12] [13] However, the growth mechanism is still an ongoing argument. The StranskiKrastanov island growth mode can be a realistic idea for the ZnO nanorod growth. In the island growth mode, there should be seeds on the ZnO growing surface. The surface roughness, lattice mismatch, and surface energy difference of crystals may have an affect on the nanorod growth. We investigated whether or not structural stress due to lattice mismatch at the interface of the ZnO nanorods and substrates play a role in the ZnO nanorod growth. We employed polarized x-ray absorption fine structure ͑XAFS͒ which can describe the angles and distances of neighboring atoms from a probe atom 15, 16 to investigate the orientation-dependent residual strain in ZnO nanorods.
ZnO nanorod arrays were fabricated using metal-organic chemical vapor deposition ͑MOCVD͒ on Al 2 O 3 ͑001͒ substrates with various GaN interlayers. The conditions of the GaN interlayers are summarized in Table I . The substrate temperature was maintained at 350-500°C and the growth rate was about 10 nm" min. To investigate the structural residual strain in ZnO nanorods, we synthesized the ZnO nanorods with average length of 0.1, 0.2, and 1.0 m by MOCVD on the Al 2 O 3 substrates. High-resolution x-ray diffraction ͑XRD͒ and high-resolution transmission electron microscopy ͑TEM͒ revealed that the ZnO nanorods were well-ordered single crystals. The XRD measurements were made with a conventional x-ray source using Cu K␣ 1 radiation in air. The XAFS measurements at Zn K edge ͑9659 eV͒ were performed at beamline 3C1 of PLS at room temperature with a fluorescence mode. Incident x-ray energy was selected with a three-quarters tuned Si͑111͒ double monochromator. Table I. rods on p-GaN interlayer. The average diameter and density of the nanorods on the n-GaN interlayer in ͑b͒ were about 50 nm and 414" m 2 . From the ZnO nanorods grown on Al 2 O 3 substrates with and without the GaN interlayers, we observed a ZnO film underneath of the ZnO nanorods. This was correlated with previous studies. 8, 13 The SEM images revealed that the ZnO crystals did not form nanorods at the surface roughness of the GaN interlayer ജ0.3 nm, although the pregrown ZnO film was present as shown in Figs. 1͑d͒ and 1͑e͒. This suggested that the pregrown ZnO film is not a sufficient condition for the ZnO nanorod growth, sharply contrasted to a one-step growth model suggested by Cong et al. 13 That the ZnO crystals became a film for the GaN surface roughness larger than 0.3 nm was a very surprising result. It should be noted that the growth conditions, such as the flow rates of diethylzinc and oxygen reactants, substrate temperature, chamber pressure, and others, remained the same during the nanorod growth for all specimens of ͑a͒-͑f͒. TEM measurements shown in Fig. 2 revealed that structural distortion and disorders were absent near the interlayer surfaces. Structural details were carefully characterized using XRD, as shown in Fig. 2͑c͒ . The results are summarized in Table I . The analysis showed that both the surface roughness and residual strain full widths at half maximum ͑FWHMϪ 2͔͒ of the GaN interlayers were dominant over the shape and quality of the ZnO nanorods. With the FWHMϪ2 value in the specimen ͑e͒, the residual strain of ϳ0.003 Å in the GaN interlayer was estimated with ⌬d = n cos ⌬ / 2 sin 2 , where ⌬ = ͑FWHM-2͒ / 2, based on Bragg's law, 2d sin = n. The small amount of the strain corresponds well to the TEM results. The strain was about just 1% of the surface roughness of the GaN interlayer. This implied that the surface roughness plays a more critical role than the strain of the GaN interlayers in the ZnO nanorod growth. The critical roughness of 0.3 nm is about Ga-Ga ͑N-N͒ bond length. As the GaN surface roughness is smaller than 0.3 nm, the surface is Ga terminated or N terminated. However, for the roughness of greater than 0.3 nm, the GaN film has a mixed surface with terminating both Ga and N atoms. As Zn and O atoms deposited on the mixed surface, the two atoms can site on the same ab plane rather than stacking Zn and O layers in turn. The resultant ZnO crystals cannot be high quality nanorods. This growth mechanism suggests that the ZnO nanorod growth can be also influenced by a surface electrical property as well as the surface roughness and structural TABLE I. Different conditions of GaN interlayers on the Al 2 O 3 substrates. The thickness ͑t͒ and rms roughness ͑r͒ were determined by SEM and atomic force microscopy, respectively. D is the nanorod density. c is the lattice constant determined by GaN ͑002͒ and Al 2 O 3 ͑006͒ diffraction peaks with the x-ray wavelength of 1.5407 Å. Full widths at half maximum of -2 ͑FWHMϪ2͒ scans and FWHM of rocking were determined at the GaN and ZnO ͑002͒ diffraction peaks. The characteristics of the GaN interlayers were determined before the ZnO nanorods were deposited. The denotations of ͑a͒-͑e͒ indicate the corresponding SEM images in Fig. 1 Fig. 1 , respectively. The inset is the expansion of dashed box. ͑C͒ X-ray diffraction of ZnO and GaN ͑002͒ peaks from ZnO nanorods on Al 2 O 3 substrates with and without GaN interlayers. ͑a͒-͑e͒ indicate sample configurations corresponding to the SEM images in Fig. 1 . The inset shows the ⌽ scan on the ZnO ͑101͒ diffraction peak from the samples ͑a͒ and ͑b͒. The data of ͑a͒ were intentionally shifted by 10°along the x axis for clarity. strain because the zinc and oxygen ion bondings to the substrate surface are greatly affected by the surface charges. Therefore, the surface roughness effect on the ZnO nanorod growth can be different depending on synthesis methods.
Without the GaN interlayers, the ZnO nanorods had a substantial amount of residual strain and mosaicity, as shown in Table I . We also observed that the nanorods without the interlayers were randomly distributed in the ab plane shown in the inset of Fig. 2͑c͒ . The structural strain can be orientation dependent. Figures 3͑a͒ and 3͑b͒ show the fluorescence XAFS data collected with the incident x-ray electric field parallel and perpendicular to the nanorod length direction. The XAFS data were analyzed with the UWXAFS package 14 using standard procedures. 15, 16 The polarized XAFS data without atomic background are presented in Fig. 3͑c͒ . To minimize uncertainty only the XAFS data in the k range of 2.5-10.5 Å −1 were used for further analysis. Figures 3͑d͒  and 3͑e͒ show the magnitudes of the Fourier transformed XAFS data from the ZnO nanorods with different lengths. It should be noted that the peaks shifted by about 0.4 Å on the r axis from their true bond lengths due to the phase shift of the backscattered photoelectrons. The both sets of the XAFS data Fourier transformed to r space were simultaneously fitted to the theoretical XAFS calculations 17 with the same parameters, as shown in Figs. 3͑f͒ and 3͑g͒ . The fits included single-and multiscattering paths. The data were fitted with a fully occupied model of a WZ structure, varying the bond lengths and Debye-Waller factors ͑ 2 , including thermal vibration and static disorders͒. The fit results are summarized in Table II .
From the XAFS data analysis, we observed that the 2 's of Zn-O pairs in the ZnO nanorods with length of 0.1 m had a substantial amount of disorders, compared with ZnO powder and high quality ZnO nanorods. 15 As the nanorod length became greater than 0.1 m, the extra disorder in the Zn-O͑2͒ pairs ͑located near ab plane͒ disappeared. However, the extra disorder in the Zn-O͑1͒ pairs ͑located along c axis͒ was observed in even 1 m nanorods. We did not observe any extra disorders from all Zn-Zn pairs, comparing to ZnO powder counterpart. XAFS results strongly suggested that the structural strain in Zn-O͑2͒ pairs due to the lattice mismatch should be first relaxed for the ZnO nanorod growth, and that the strain relaxation in ab plane was the ZnO nanorod seeds of the Stranski-Krastanov growth mode.
In conclusion, the growth mechanism of vertically well aligned ZnO nanorods grown on various GaN interlayers by MOCVD was studied. As the surface roughness of the GaN interlayers was increased, the density of ZnO nanorods increased, and the nanorod quality was degraded. Polarized XAFS measurements of ZnO nanorods revealed that the structural strain in Zn-O͑2͒ pairs disappeared for the nanorod length greater than 0.1 m. Our observations present strong evidence that the structural stress due to the lattice mismatch between nanorods and substrates, and the surface roughness of the layer underneath of the nanorods dominantly influence forming ZnO nanorods. 
